Summary statement 23
Insect flight strategy varies between orders but is generally well conserved within orders, this 24 has important evolutionary and ecological implications at high taxonomic levels. 25
26

ABSTRACT 27
Wingbeat frequency in insects is an important variable in aerodynamic and energetic 28 analyses of insect flight and has been studied previously on a family-or species-level basis. 29
Meta-analyses of these studies have found order-level patterns that suggests flight strategy 30 is moderately well conserved phylogenetically. Studies incorporated into these meta-31 analyses, however, use variable methodologies across different temperatures that may 32 confound results and phylogenetic patterns. Here, a high-speed camera was used to 33 measure wingbeat frequency in a wide variety of species (n = 102) in controlled conditions to 34 determine the validity of previous meta-analyses that show phylogenetic clustering of flight 35 strategy and to identify new evolutionary patterns between wingbeat frequency, body mass, 36 wing area, wing length, and wing loading at the order level. All flight-associated 37 morphometrics significantly affected wingbeat frequency. Linear models show that wing area 38 explained the most amount of variation in wingbeat frequency (R Megaloprepus caerulatus (Rüppell and Fincke, 1989 ) to over 1000 Hz in a ceratopogonid 51 Forcipomyia sp. midge (Sotavalta, 1953) . How frequently an insect beats its wings is an 52 important variable when considering the biomechanics and physiology of insect flight 53 Because of this variability, stroke amplitude is likely to be a slightly less reliable indicator of 69 flight strategy than wingbeat frequency. 70
The variables that influence the energetic and biomechanical aspects of flight could be used 71 to broadly characterize flight strategies between different orders of insects. Typically, higher 72 wingbeat frequencies are associated with insects of smaller size, to overcome the increasingly 73 viscous forces of the air present at small spatial scales, represented by low Reynolds numbers
MATERIALS AND METHODS 130
Study specimens 131
Adult insects were caught using either sweep net (EFE & GB Nets, Totnes, Devon, UK -132 the Fitotron® unit and no other external light source was used. A flight box made of 6 146 transparent Perspex® panels, measuring 30x30x30 cm once constructed, was used to contain 147 flights of the specimens whilst filming. Study specimens were introduced to the flight box either 148 via a 2.5 cm diameter aperture made in the centre of one of the panels by offering up an open 149 test tube containing a specimen, or, for larger specimens, the entire panel could be removed 150 and the specimen introduced. 151
152
Filming procedure 153
Each specimen was filmed 2-5 times using an FPS1000HD monochromatic high-speed 154 camera (The Slow Motion Camera Company, London, UK). Specimens were filmed each time 155 during free flight. For each flight recorded, the camera was handheld in order to track insects 156 in free flight. This helped increase total length of each video and thus more reliably count 157 wingbeats. Across videos, insects were filmed from various angles, but this did not affect video 158 analysis. Sufficient video footage was gathered in <10 minutes for each specimen. 159
160
Morphological measurements 161
Specimens were killed in a killing jar (a jar with a base of plaster of Paris to which ethyl acetate 162 was intermittently added when needed) after the last video was recorded and immediately 163 weighed using a precision balance (Cahn C-33 Microbalance, Cerritos, California, USA). The 164 functional wing (in insects with only one pair of functional wings e.g. Diptera and Coleoptera) 165 or wing couple on the right side (i.e. the fore-and hindwing on the right side of the insect 166 viewed dorsally) was removed by dissection under a stereo microscope and forewing length 167 (henceforth wing length) was measured using a pair of digital calipers (0.01 mm precision), 168 measured from the base of the forewing to the most distal tip. A photo was taken of the 169 dissected wing couple using a microscope camera making sure the wings were perpendicular 170 to the camera lens. Wing area was measured in ImageJ version 1.49 (Schindelin et al., 2012) 171 by using the photo and following the ImageJ process for measuring leaf area (Reinking, 2007) 172 as in previous studies on insect wings (e.g. Outomuro et al., 2013) ; the wing area value was 173 multiplied by 2 to quantify total wing area assuming symmetry. Wing loading was determined 174 by dividing body mass by total wing area. 175
176
Video analysis 177
Videos were first converted into a viewable format using ImageJ, where video frames-per-178 second (FPS) was then altered to allow individual wingbeats to be clearly visible. A wingbeatwas judged to be both a full downstroke and full upstroke, terminating at pronation before the 180 next wingbeat (Fig. 1) , and in all groups except for Odonata, fore-and hindwings beat at the 181 same time. For odonates, forewing and hindwing pairs were measured separately then the 182 mean was calculated; the difference between the wing pairs did not exceed 2 beats in any of 183 the odonate specimens. Sections of videos were carefully selected to represent free-flight, 184 omitting wingbeats immediately after take-off until a more regular rhythm was observed, which 185 was usually more rapid. The number of wingbeats nv during free-flight was counted for each 186 video. Equation 1 was used to determine the wingbeat frequency n (Hz) from each video 187
where tv is the length of the video in seconds, and fm is the multiplication factor (the factor that 188 describes by how much time is magnified in each video), which is calculated by dividing filming 189 FPS by video playback FPS. All species were filmed at 1000 FPS except for 6 species of 190 nematoceran Diptera, which were filmed at 2000 FPS. (Ephemeroptera, Lepidoptera, Mecoptera, Neuroptera, Odonata, Trichoptera) were overall 216 less well sampled than asynchronous fliers (Coleoptera, Diptera, Hemiptera, Hymenoptera) 217 and should be similarly taken into account when considering ranges of variables. 218
219
Relationships between morphometrics and wingbeat frequency 220 relationship to it as in previous meta-analysis (Dudley, 2000) . This is likely because of the lack 268 of specimen variation in the present study, compared to the very high number of different 269 specimens across a much broader body mass range in the meta-analysis (Dudley, 2000) . 270
Indeed, previous meta-analyses included species from a much wider geographical range, 271 incorporating studies from many different countries and ecosystems, including those from 272 tropical forests. 273
274
Wing length and wing area are both able to predict wingbeat frequency moderately accurately, 275 explaining 42% and 59% of its variation, respectively. Wing length may affect wingbeat 276 frequency as a product of increasing body mass, where larger insects have slightly longer 277 wings to offset the lower wingbeat frequency and maintain good advance ratios (Vogel, 2013) , 278 though this is also connected to wing area (Fig. 2E) . Area of the wing generally increases with 279 body mass to accommodate the greater level of lift generation required and longer wings tend 280 to have a greater area than shorter ones. Thus, an increased area means fewer beats are 281 necessary per unit time to generate the same amount of lift. This is supported by the positive 282 relationship between wing loading and wingbeat frequency, where heavily loaded wings are 283 generally beaten more rapidly to generate enough lift. Relatively heavily loaded wings must 284 keep a weight aloft with a reduced area and are associated with larger insects (Fig. 2F) (Fig. 2C) .
because the oscillatory frequency of the thorax is inversely dependent on its size, which 294 directly influences wingbeat frequency in asynchronous fliers (Pringle, 1949 (Pringle, , 1967 Orders are shown to be clustered when wingbeat frequency is viewed as a function of one of 336 the other measured morphometrics ( Fig. 2A-C) , supporting the idea that flight strategy can be 337 generally characterized based on evolutionary history. This may be because of a combination 338 of several factors: 1) species inherit a flight apparatus that can only be changed to a certain 339 extent in a given time to fit a new role/niche e.g. Coleoptera inherit heavy elytra, one pair of 340 functional wings, asynchronous flight muscles, and low flight muscle mass ratio relative to 341 body mass (Marden, 1987; Dudley, 2000) making it unlikely for them to be able to fill the role 342 of an aerial predator but well adapted to infrequent spells of sustained flight; 2) species may 343 need to fly in the same way even though they have different ecological niches, which may 344 increase the level of intra-order clustering because the existing flight apparatus can be used 345 to fulfil the same aerodynamic needs despite interacting with different organisms e.g. 346
Syrphidae and Tabanidae need to fly in similar ways -visiting flowers vs. visiting vertebrate 347
hosts (female tabanids), ability to hover above resources, ability to change direction rapidly to 348 regularly escape predators or swatting etc.; and 3) a specific goal may be achieved in more 349 ways. For example, flies are very light to medium weight with high wingbeat frequencies,medium to low wing area and wing length, and medium to high wing loading ( Fig. 2A-D) . These 362 attributes afford flies the ability to fly quickly, perform complex aerobatic manoeuvres and to 363 hover, conferring obvious ecological advantages to certain groups. Mosquitos and 364 chironomids, however, possess wingbeat frequencies that are unusually high, and wing 365 loadings that are unusually low relative to other Diptera (Table S1 
